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United KingdomABSTRACT A practical label-free method for the rapid determination of small-molecule critical micelle concentration (CMC)
using a fixed-angle light-scattering technique is described. Change in 90 light scattering at a fixed wavelength of incident radi-
ation with increasing bacterial quorummolecule concentration and the observation of a break point is used to determine CMC. In
our study, this technique is utilized to investigate the aqueous CMC of previously uncharacterized Pseudomonas aeruginosa
quorum sensing signaling molecules (QSSM) belonging to the n-acylhomoserine lactone and 2-alkyl-4-quinolone classes.
Several were found to form micelles within a physiologically relevant concentration range and potential roles of these micelles
as QSSM transporters are discussed. The influence of temperature and the presence of biological membranes or serum proteins
on QSSM CMC are also investigated and evidence is obtained to suggest the QSSMs studied are capable of both membrane
and serum protein interaction. This demonstrates that the fixed-angle light-scattering technique outlined can be used simply and
rapidly to determine small-molecule CMC under a variety of conditions.INTRODUCTIONQuorum sensing (QS) is the process through which unicel-
lular populations of bacteria elicit collective behavior
through a communication system dependent on the release
of small signaling molecules termed ‘‘quorum sensing
signaling molecules’’ (QSSMs) (1,2). To date, the most
studied and best understood QS system is that of the Gram-
negative organism Pseudomonas aeruginosa. P. aeruginosa
is a highly opportunistic human pathogen. It is a common
cause of nosocomial infection susceptible to acquisition of
NDM-1 (3,4), and the leading cause of mortality in cystic
fibrosis sufferers (5). This, combinedwith the high resistance
of the organism to conventional antibiotics, has resulted in
a search for novel techniques to fightP. aeruginosa infection.
An example of one such technique is the utilization of
furanone derivatives to disrupt P. aeruginosa QSSM signals
in order to inhibit biofilm formation (6). P. aeruginosa has
been found to produce several classes of QSSMs, the best
studied of which are the n-acylhomoserine lactones
(AHLs) (1,2) and the 2-alkyl-4-quinolones (AQs) (7,8).
The structures of some common AHLs and AQs released
by P. aeruginosa are outlined in Table 1. These QSSMs
have been found to control the expression of ~10% of the
P. aeruginosa genome (9), including genes for virulent
factors and the multidrug efflux pump. In addition to their
involvement in P. aeruginosa infection, AHLs (and their cor-
responding tetramic acid breakdown products (10)) have also
been reported to possess potent antibacterial activities
against Gram-positive bacteria including Staphylococcus
aureus (11), offering alternatives to conventional antibiotics
to treat infections caused by this pathogen. Finally, AHLsSubmitted December 15, 2010, and accepted for publication May 13, 2011.
*Correspondence: paul.oshea@nottingham.ac.uk
Editor: William C. Wimley.
 2011 by the Biophysical Society
0006-3495/11/07/0245/10 $2.00have been found capable of inducing effects in eukaryotic
cells (including cells of the immune system (12)) via
a process termed ‘‘interkingdom signaling’’ (2,13).
Relatively little is known about how these lipophilic
molecules (Table 2) disseminate through the host to elicit
their effects during infection. Mashburn and Whiteley found
that transport of the P. aeruginosaAQ signal, PQS, is depen-
dent on the production and release of bacterial membrane
vesicles (called ‘‘bacterial speech bubbles’’ (14)), that
appear to be used to traffic the signaling molecules (and
other factors) between bacteria within a population (15).
Although these ‘‘speech bubbles’’ are rich in PQS, <1%
of the major long-chain AHL released by P. aeruginosa,
3-oxo-C12 HSL, are transported in this way (15). This
implies AHLs are disseminated by bacteria using a mecha-
nism, distinct to that of PQS, which does not rely on the
production of membrane vesicles.
The physical nature of these aggregations of quorum
molecules, however, is not clear, especially in relation to
their properties in the presence of biological membranes
and serum proteins. In this work, we address this oversight,
and characterize some of their basic physical chemistry and
address the possibility that they self-assemble to form
micelles. These AHL micelles would seem to provide
a possible mechanism by which these molecules could be
transported in host environments. Thus, we determine the
critical micelle concentrations (CMC) as well as the micelle
size and electrostatic surface potential of these particles in
an attempt to determine the potential physiological rele-
vance of these structures.
Previously, determination of CMC has been achieved
through measuring changes in surface tension, electrical
conductivity, dynamic light scattering, or osmotic pressure
(16). More recently, the use of fluorescence techniquesdoi: 10.1016/j.bpj.2011.05.033
TABLE 1 Structures of quorum sensing signaling molecules
(QSSM) released by P. aeruginosa and structural analogs used
in this study
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TABLE 2 Calculation of QSSM LogP, LogD and pKa values
Ligand Predicted pKa Predicted LogP
Predicted LogD
(pH 7.4)
3-oxo-C8 HSL* 11.095 0.20 0.195 0.49 —
3-oxo-C10 HSL 11.255 0.46 1.215 0.49 —
3-oxo-C11 HSL* 11.245 0.46 1.725 0.49 —
3-oxo-C12 HSL 11.225 0.46 2.235 0.49 —
3-oxo-C13 HSL* 11.215 0.46 2.745 0.49 —
3-oxo-C14 HSL 11.215 0.46 3.255 0.49 —
C12 HSL 14.715 0.20 3.385 0.44 —
3-OH-C12 HSL 14.815 0.20 1.965 0.49 —
3-oxo-C12 HS 3.175 0.10 1.895 0.44 2.5 5 0.7
C8 HSL TMA 4.505 1.0 1.805 0.66 1.1 5 0.9
C10 HSL TMA 4.505 1.0 2.815 0.66 0.1 5 0.9
C12 HSL TMA 4.505 1.0 3.835 0.66 0.9 5 0.9
C14 HSL TMA 4.505 1.0 4.855 0.66 2.0 5 0.9
PQS 11.005 0.20 4.575 0.83 —
HHQ — 4.115 0.83 —
Oleic acidy 4.785 0.10 7.425 0.20 —
Comparison of QSSM octanol/water partition coefficients (LogP), distribu-
tion coefficients (LogD, calculated using Eq. 3), and pKa values calculated
from molecular structure using ACD/LogP/pKa 12.0.
*Compounds which have been included for comparison to the literature but
are otherwise beyond the scope of this study.
yThe LogP and pKa of oleic acid have been experimentally determined,
LogP ¼ 7.64 (43), pKa ¼ 5.02 (44). Theoretical LogP and pKa of this
compound has been calculated to validate these techniques (mean 5
95% confidence interval).
246 Davis et al.such as those involving pyrene-derived molecules (17) have
become more commonplace, due primarily to its speed
relative to other techniques. There are limitations to using
fluorescence-based techniques; here, reporting of CMC is
dependent on the formation of mixed micelles and is there-
fore not appropriate for determining CMCs which are of
a comparable magnitude to the fluorophore concentration
used in the assay (18).
In addition, incomplete incorporation of a fluorescent probe
into micelles has been reported to prevent observation of the
formation of CMC (i.e., as a fluorescence break point) (19).Biophysical Journal 101(1) 245–254Attempts have beenmade recently to develop alternative fluo-
rescent probes to overcome these limitations (18), but a label-
free approachwould be themost desirableway forward. In this
article, a label-free technique for determination of small-
molecule CMC using a fixed-angle light-scattering technique,
under a variety of experimental conditions, is described.
Our approach is based on the fact that the light-scattering
properties of micelles differ to those of an equivalent
concentration of monomer. Thus, if the rapid and coopera-
tive formation of CMC falls within the concentration range
studied, a critical change (or break) in the gradient of the
scattering versus concentration plot would be anticipated.
In this article, such property is utilized to demonstrate that
the CMC of a series of previously uncharacterized QSSM
released by the bacteria Pseudomonas aeruginosa may be
determined quickly and easily.Determination of CMC using fixed-angle
light scattering
Determinations of CMC can be achieved using an adapta-
tion of the methods developed previously in our laboratories
for cellular systems as described by Hobden et al. (20).
Briefly, this approach involves the measurement of light
scattering at a fixed angle to determine whether compounds
of interest self-aggregate over concentrations used in this
study. This technique therefore relies on the notion that light
scattering increases in proportion to the concentration of
these larger particles (micelles) on forming a suspension.
Label-Free Critical Micelle Determination 247This principle, which is analogous to turbidimetry (21),
yields a quantity known as the scattering coefficient (3s),
which is constant for a given wavelength in a similar manner
to the absorption coefficient of the Beer-Lambert law. As
a result, although the transmission of light through a sample
in the direction of the source is reduced, the amount of light
scattered at other angles increases proportionally. For
systems that abide by the classic Rayleigh-Debye light scat-
tering criteria, this process is described using Eq. 1, quoted
from Kerker (22):
3s ¼ 9p
3 V2
l4 ln 10

m2  1
m2 þ 2
2 Z p
0
PðqÞ1þ cos2 q sin q dq:
(1)
Here, V is the effective scattering volume of the particle,
P(q) is the intraparticle interference at a given angle of
observation (q), l is the wavelength of incident radiation,
and m is the refractive index in the medium. Provided vari-
ables such as the scattering angle (q) and incident radiation
(l) remain constant, the following working expression (Eq.
2) that essentially relates the scattering coefficient (3s) and
particle concentration (c) to the scattering intensity (Is)
can be implemented for practical purposes:
Is ¼ 3s , c: (2)
This approach assumes that the particulate aspect ratio will
be relatively spherical but for our purposes in this article,
this is a sophistication that we ignore (initially) unless it
proves necessary to incorporate into the analysis. Thus, as
the scattering coefficient includes a level of dependency
on the particle volume, micelles would possess a greater
scattering coefficient than in a monomeric form. Therefore,
should CMC formation fall within a specified concentration
range, a significant increase in Is would be observed on tran-
sition from 3s(monomeric) to 3s(micelle). Scattering inten-
sity at QSSM concentrations before and after the CMC
formation would obey the proportionality indicated by Eq.
2 and therefore exhibit separate linear gradients. The
CMC of a QSSM of interest can therefore be determined
as the transition between 3s(monomeric) / 3s(micelle),
which manifests as the QSSM concentration at which these
two straight lines bisect. Interestingly, as 3s(monomeric)
<< 3s(micelle), under the conditions used in this study
the scattering intensity due to monomeric QSSMs was
negligible in comparison to that observed in the presence
of micelles.
In addition to these properties, we also provide estimates
of the octanol/water partition coefficient (LogP), which are
used extensively in the pharmaceutical industry as an indi-
cator of lipophilicity and the likely bioavailability of drug
molecules. As LogP is defined as the partition coefficient
of a single unionized monomeric species between two
phases (23), a correction for LogP must therefore be em-
ployed to take into account molecular ionization, whereQSSM of interest are determined to be charged under the
conditions studied (through comparison of estimated
QSSM pKa values to experimental pH). This was achieved
through calculation of the distribution coefficient (LogD)
of QSSM estimated to possess pKa values significantly
different from experimental pH (7.4) using Eq. 3, as quoted
from Leo et al. (24):
LogD ¼ LogP log1þ 10pHpKa: (3)
Measurements of micelle surface charge were also made
though determination of particle z-potentials to investigate
micellar stability under physiologically relevant pH and
temperature.
In this article, we demonstrate the efficacy of our
approach and utilize this to define the micellar properties
of bacterial quorum molecules. We compare these proper-
ties to estimates of the QSSM hydrophobicity (as LogP,
etc.) and correlate these with their biological potency. We
suggest that together these properties have a genuine phys-
iological relevance and play a part in the pathological
progression of bacterial infection while offering a potentially
novel therapeutic target for controlling such infections.MATERIALS AND METHODS
Reagents
Egg phosphatidylcholine (PC) was purchased from Lipid Products (South
Nutfield, Redhill, UK). Saquinavir in pure form was a generous gift from
Roche (Burgess Hill, West Sussex, UK). QSSMs were kindly provided
by the lab of Prof. Paul Williams (Institute of Infection and Immunity,
University of Nottingham) and synthesized as described previously
(7,12,25). All other reagents were supplied at the highest purity available
by Sigma-Aldrich (Poole, United Kingdom). The pressure-extruding
bomb and the 200-nm diameter polycarbonate filters used in the production
of phospholipid membrane vesicles was obtained from Lipex Bio-
membranes (Vancouver, Canada) and Nuclepore Filtration Products (What-
man, Piscataway, NJ), respectively. Measurements of fixed-angle light
scattering were obtained using a FluoroMax-4 spectrofluorimeter (HORIBA
Jobin Yvon, Kyoto, Japan) running FluorEssence software (Ver. 2.5.02;
HORIBA Jobin Yvon). Absorbance spectra were measured using a Bio-
chrom Libra S32 PC ultraviolet spectrometer (Thermo Fisher Scientific,
Waltham, MA).Preparation of phospholipid membrane vesicles
Unilamellar phospholipid membrane vesicles (PLVs) were prepared by an
established pressure extrusion technique used routinely in our laboratories
(26). Briefly, an appropriate amount of phosphatidylcholine (PC) was dis-
solved in chloroform/methanol (5:1 ratio). The solvent was then evaporated
using a stream of oxygen-free nitrogen gas and the remaining thin lipid film
was then rehydrated in sucrose-Tris buffer (280 mM sucrose, 10 mM Tris,
pH 7.4) giving rise to a suspension of multilamellar vesicles. This solution
was subject to five freeze-thaw cycles in liquid nitrogen, creating a solution
of unilamellar phospholipid vesicles. Finally, these vesicles were extruded
10 times through a 25-mm diameter porous polycarbonate membrane with
uniform pore sizes of 100 nm or 200 nm at 45C. This leads to a wholly
monodisperse population of unilamellar PC PLVs with a diameter defined
by the initial pore size according to the user notes for the pressure extruder
(Lipex Biomembranes) and by Nuclepore Filtration Products (Whatman).Biophysical Journal 101(1) 245–254
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light scattering
Determination of CMC was achieved using an adaptation of the methods
described previously by Hobden et al. (20) utilizing light scattering at
a fixed angle to determine whether compounds of interest self-aggregated
at the concentrations used in this study. A quantity of 40 mM QSSM stocks
(in dimethyl-sulfoxide (DMSO)) or 40 mM oleic acid stocks (in ethanol)
was further diluted in the same solvent until addition of 0.5% v/v to
sucrose-Tris buffer gave solutions of the desired concentration. These
solutions were incubated at 37C, protected from light, for 30 min after
which time the light scattering at 90 was monitored with a Fluoromax-4
Spectrofluorimeter (HORIBA Jobin Yvon), using a 600-nm irradiation
wavelength and a 2-nm bandpass. The dependence of QSSM CMC on
temperature and presence of lipid and human serum albumin was also
investigated.
Light scattering results were normalized to control systems containing
equivalent volumes of buffer and solvent before plotting change in light
scattering against sample concentration. A one sample t-test was then em-
ployed at each sample concentration (minimum n ¼ 3) to test whether light
scattering significantly deviated from background scatter (i.e., scattering
due to increasing concentrations of monomer). Where changes in light scat-
tering on increasing the concentration significantly deviated from back-
ground scattering (for a minimum of three consecutive data points),
a second linear equation was fit to the dataset as illustrated in Fig. 1 and
the intercept of these models reported as CMC; note that in some instances
the molecular concentration is presented as a Log10 scale.Particle sizing and z-potential
Investigations into micelle size and surface charge were conducted to
deduce the stability and physiological relevance of these structures.
QSSM stocks of interest were first dissolved in DMSO before diluting
in Tris buffer (10 mM Tris, pH 7.4), unless otherwise stated, to the desired
concentration (final DMSO concentration did not exceed 0.5% v/v).
Solutions were mixed briefly before incubation at 37C for 30 min. After
this time average particle radius and z-potential were determined using
a Viscotek 802 dynamic light-scattering (DLS) instrument and Zetasizer
2000 (both from Malvern Instruments, Malvern, Worcestershire, UK),
respectively. Particle populations were determined by number distribution
and the minus-sign () denotes no-particle populations detected within
the range 1 nm to 1 mm. These instruments measure particle size and
utilize a four-laser mix that measures Doppler shifts during particle
electrophoresis to estimate the z-potential. From the Helmholtz-Smolu-
chowski equation the z-potential can be quickly determined in an essen-
tially noninvasive manner (27). Measurements of z-potential were
recorded a minimum of five times and each experiment was repeated in
triplicate.FIGURE 1 Diagrammatic representation of the measurement of CMC
using the method outlined in the text.
Biophysical Journal 101(1) 245–254Investigating the rate of AHL decomposition
The rate of AHL decomposition to generate the corresponding tetramic acid
(TMA) breakdown product was measured by recording the increase in
TMA absorbance at 280 nm using a technique previously described by
Kaufmann et al. (28). AHL stock solutions in DMSO solvent were diluted
to the desired concentration in sucrose-Tris buffer so the final concentration
of DMSO did not exceed 0.5% v/v. Absorbance spectra were recorded at
5-min intervals for 2 h at 37C, and increasing absorbance at 280 nm
was used to determine the rate of TMA production. The decadic molar
extinction coefficient of C10 HSLTMAwas recorded as 13,380 M
1.cm1,
which is in line with values previously reported (28).Calculation of LogP, LogD, pKa, and aqueous
solubility
These parameters were determined theoretically based on molecular struc-
ture using the ACD/i-Lab software (Ver. 12.0; http://www.acdlabs.com/
home/) provided by the Chemical Database Service (http://cds.dl.ac.uk/).RESULTS AND DISCUSSION
Validation of the fixed-angle light-scattering
technique
We illustrate a validation of our light-scattering approach
by determining the CMC of oleic acid as this has been re-
ported previously under a variety of conditions. Thus, using
a fluorescence-based technique (29) in 10 mM HEPES
buffer (10 mM HEPES, 150 mM sodium chloride, 5 mM
potassium chloride, 1 mM sodium dihydrogen phosphate,
pH 7.4) at 37C, the CMC of oleic acid was reported to
be 6 mM. This is exactly consistent with our estimation of
CMC using the light-scattering-based approach as shown
in Fig. 2 A; all determinations are summarized in Table 3.Determination of QSSM CMC
A quantity of 3-oxo-C12 HSL (247 mM), 3-oxo-C14 HSL
(17 mM) but not 3-oxo-C10 HSL were found to possess
CMCs within the concentration range studied (0.1–
400 mM) and CMC was found to decrease substantially
with increasing acyl-chain length (Fig. 2, B–D). The
d-isomer of 3-oxo-C12 HSL was found to possess a CMC
similar to that of the L-isomer of 234 mM (data not shown).
Fig. 2 E indicates the determination of CMCs for
3-oxo-C12 HSL derivatives with modified homoserine
lactone headgroups. No CMC was detected below 400 mM
when the 30 keto group of 3-oxo-C12 HSL was substituted
with a hydroxyl group (3-OH-C12 HSL), perhaps suggesting
that this substitution increases CMC beyond the concentra-
tion range examined in this study. Replacing the 30 keto
group of 3-oxo-C12 HSL with a hydrogen atom (C12 HSL)
appears to have the opposite effect with CMC now occur-
ring at a much lower concentration than for 3-oxo-C12
HSL (4 mM as compared to 224 mM). The ring open hydro-
lysis breakdown product of 3-oxo-C12 HSL (3-oxo-C12 HS)
(30) was found not to possess a CMC below 400 mM.
FIGURE 2 (A) Determination of oleic acid crit-
ical micelle concentration (CMC) using 90 light
scattering to 600-nm incident radiation recorded
as counts per second (cps) in HEPES buffer
(10 mM HEPES, pH 7.4) at 37C. (B) Determina-
tion of QSSM CMC using 90 light scattering to
600-nm incident radiation recorded as cps on
increasing concentrations of 3-oxo-C10 HSL, (C)
3-oxo-C12 HSL(L), and (D) 3-oxo-C14 HSL. (E)
The AHL derivatives C12 HSL (C), 3-OH-C12
HSL (B), and 3-oxo-C12 HS (). (F) The AQ
signaling molecules PQS () and HHQ (:) in
sucrose-Tris buffer (280 mM sucrose, 10 mM
Tris, pH 7.4) at 37C (n ¼ 3, mean5 SE).
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ucts of AHL containing an alkyl chain of between 8 and
14 carbons (28) were not observed to form micelles at
concentrations below 400 mM under the conditions used in
this study (data not shown). This result was anticipated, as
the breakdown products are much more soluble than their
parent AHLs (Table 2).
PQS was found to possess a CMC (Fig. 2 F) of ~9 mM
(Table 3) whereas the less soluble precursor, HHQ, did
not in the concentration range studied (up to 80 mM). Higher
quinolone concentrations were not used, because both PQS
and HHQ were observed to be insoluble and readily floccu-
late beyond this concentration.
Micellization is entropically driven and generally consid-
ered as an exothermic process, i.e., practically as tempera-
ture decreases, the CMC also decreases (16). To provide
evidence that the increases in fixed-angle light scattering
observed were a result of micelle formation, aqueous solu-
tions containing sub-CMC concentrations of 3-oxo-C12
HSL (L isomer, 150 mM) were cooled from 37C to 10C
and the change in light scattering at 600-nm incident radia-
tion (expressed as F/Fo) recorded (Fig. 3 A). As the temper-
ature was decreased over this range, light scattering was
observed to increase—suggesting the CMC of 3-oxo-C12HSL decreased to the extent that micelles had begun to
form at these lower temperatures.Influence of the presence of a phospholipid
membrane bilayer or serum protein (HSA)
on the CMC of 3-oxo-C14 HSL
The presence of membranes (400 mM PC100%) as PLVs was
found to have a significant effect on the measured CMC of
3-oxo-C14 HSL as shown in Fig. 3 B. The respective values
of CMC were determined to be substantially greater in the
presence of the PLVs than in the absence of the membranes
at 115 mM compared to 17 mM, respectively. We interpret
this phenomenon in that at concentrations below CMC,
monomers of 3-oxo-C14 HSL may insert into the PLVs,
thus reducing their effective concentration in the aqueous
phase. Only when the PLVs are approaching saturation
with 3-oxo-C14 HSL will sufficient concentrations of this
compound accumulate in the aqueous phase so that
a micellar structure may form. As a result, by deducting
the value of CMC obtained in the presence of PC100%
PLVs from that obtained in their absence, an approximation
of the PLV binding affinity and total capacity for the inter-
action of 3-oxo-C14 HSL can be determined which, underBiophysical Journal 101(1) 245–254
FIGURE 3 (A) An investigation into the temperature dependence of
3-oxo-C12 HSL CMC through measuring changes in 90 light scattering
using 600-nm incident radiation, as temperature was decreased from
37C to 10C in the presence of 150-mM 3-oxo-C12 HSL (a sub-CMC
concentration at 37C, solid line) or equivalent volumes of DMSO
(0.5% v/v, shaded line). (B) Determination of QSSM CMC using 90 light
scattering to 600-nm incident radiation recorded as cps on increasing
TABLE 3 Calculation of critical micelle concentration (CMC)
of QSSMs and their derivatives determined by 90 light
scattering
Ligand CMC (mM)
Aqueous solubility
(pH 7.4, mmol.l1)
Oleic acid 6 3.2
3-oxo-C10 HSL — 5.9
3-oxo-C12 HSL (L) 247 1.2
3-oxo-C12 HSL (D) 232 1.2
3-oxo-C14 HSL 17 0.25
3-oxo-C14 HSL (þ PLVs) 115 —
C12 HSL 4 0.36
3-OH-C12 HSL — 2.9
3-oxo-C12 HS — 3480
C8 HSL TMA — 2570
C10 HSL TMA — 520
C12 HSL TMA — 110
C14 HSL TMA — 25
PQS 9 0.0052
HHQ — 0.016
All CMCs determined in 280 mM sucrose, 10 mM Tris buffer at 37C, and
pH 7.4 as described in the text. Predicted aqueous solubility at 25C in
mmol.l1 (calculated using ACD/LogS algorithm 12.0) is shown for
comparison. The CMC of oleic acid in HEPES buffer (10 mM HEPES,
150 mM sodium chloride, 5 mM potassium chloride, 1 mM sodium dihy-
drogen phosphate, pH 7.4) was also determined to test the validity of this
technique.
250 Davis et al.the circumstances in this article, was found to be 64 mM.
This result is in agreement with recent work which reports
that 3-oxo-C14 HSL can partition into PLVs and saturates
in the low micromolar range (31).
Similarly, in the presence of physiological concentrations
of HSA (50 mg.mL1) (32), the CMC of 3-oxo-C14 HSL
was found to increase from 17 mM to beyond the concentra-
tion range used in this study (500 mM, Fig. 3 C). Our
approach, therefore, would also provide a technique to study
the interactions of small molecules (such as AHLs) with
serum albumin and allows us to state that the interaction
is observed by proxy as a substantive increase of the
measured CMC of the QSSM in the presence of these addi-
tional macromolecules.concentration of 3-oxo-C14 HSL in the presence of 400 mM PC 100%
PLVs (B) or (C) 50 mg.mL-1 HSA (). The light scattering for 3-oxo-
C14 HSL in buffer alone is shown in each case as a solid circle (C). All
experiments were conducted in sucrose-Tris buffer (280 mM sucrose,
10 mM Tris, pH 7.4) at 37C (n ¼ 3, mean5 SE).Investigating AHL micelle size and z-potential
To characterize further the CMC properties obtained in the
previous section, the sizes of the AHL micelles were deter-
mined using dynamic light scattering. A quantity of 3-oxo-
C14 HSL (previously found to possess a CMC of 17 mM)
was diluted to give solutions containing pre- (10 mM) and
post- (25 mM and 100 mM) critical micelle concentrations
of this AHL and average particle sizes were determined
(discussed below). No particles of discernable size were
observed in the presence of sub-CMC concentrations of
3-oxo-C14 HSL (10 mM), indicating that under these condi-
tions this QSSM most likely exists in a monomeric state,
and consistent with our previous findings, at concentrations
above CMC, populations of particles were observed.Biophysical Journal 101(1) 245–254In the presence of 25 mM 3-oxo-C14 HSL, a monodisperse
population of particles was observed (radius 22.2 nm 5
1.5 nm). The average radius of this population did not
substantially increase further with AHL concentration
(100 mM 3-oxo-C14 HSL average radius 25.2 nm 5
1.6 nm) implying that particles present were micelles.
The 3-oxo-C14 HSL micelle radius was much larger than
might have been expected for a molecule <3 nm in length;
explanations for this observation are discussed in the subse-
quent subsection. No particles of discernable size were
Label-Free Critical Micelle Determination 251detected in controlmeasurements with equivalent volumes of
DMSO (0.5%v/v) added to solutions, suggesting that particle
populations were due to the presence of QSSM micelles
alone (Fig. 4, A–C). DLS was calibrated to a monodisperse
suspension of 50 mM PC100% PLVs (200-nm diameter),
which were found to possess a radius of 98.8 nm5 3.6 nm.FIGURE 4 Correlation function of 10 mM Tris buffer (A) or 10 mM Tris
buffer in the presence of 10 mM 3-oxo-C14 HSL (B) at 37C (pH 7.4). (C)
Number distribution of particle radii obtained for 25 mM 3-oxo-C14 HSL in
10 mM Tris buffer with the corresponding correlation function (Inset). (D)
Zeta potential (x) of 3-oxo-C14 HSL, 3-oxo-C12 HSL, and C12 HSL
micelles in 10 mM Tris buffer (pH 7.4) or distilled water (dH2O) at
37C. Where 10 mM Tris buffer was used, pH was set to the desired level
using small quantities of hydrogen chloride unless otherwise specified, in
which case sulphuric acid was used to change the anions present in solution
to test the extent of particle anion absorption (n ¼ 3, mean5 SE).The surface electrical properties of micelles were
explored by determining the particle z-potential. Post-
CMC concentrations of 3-oxo-C14 HSL (25 mM) in Tris
buffer were found to possess a negative z-potential (Fig. 4
D). The values of z-potential obtained for this compound
were 41.8 mV 5 0.4 mV, which was quite unexpected,
as 3-oxo-Cn HSL possess pKa values that would be expected
to lead to micelles exhibiting electrical neutrality at pH 7.4
(Table 2) in the absence of significant ion absorption to the
micellar surface. To test for anion absorption at the micelle
surface, the dominant anion in the solutions was changed
from Cl to SO4
2. Thus, if such adsorption was taking
place, the change of the physico-chemical nature of the
anion would be expected to lead to clear changes of the
measured z-potential (33).
In addition, to ensure that the presence of Tris (for which
there are anecdotal reports of surface adsorption) was not
responsible for the observed z-potential, 3-oxo-C14 HSL
was also recorded in 18 MU distilled water alone. As can
be seen in Fig. 4 D, the strongly negative z-potential of
3-oxo-C14 HSL persisted in each of these media (SO4
2 ¼
41.9 mV5 0.6 mV, dH2O ¼ 45.1 mV5 3.3 mV) and
no significant difference (one-way ANOVA p-value ¼
0.45) existed between these parameters, suggesting the origin
of this effect lay elsewhere. Micelles of 3-oxo-C12 HSL were
also observed to exhibit a strongly negative z-potential
(55.2 mV5 6.6 mV), suggesting this effect was not exclu-
sive to 3-oxo-C14 HSL. However, the z-potential of C12 HSL
was not found to differ significantly from zero (4.77mV5
6.0 mV, one-sample t-test p ¼ 0.3907). Because these
compounds were also expected to be electrically neutral
under the conditions used in this study (Table 2), alternative
explanations as outlined in the following section were sought
for these observations.Could AHL decomposition be responsible for
the anomalous micellar properties? Investigating
the rate of AHL decomposition to generate the
tetramic acid breakdown product
Once anion-absorption had been ruled out as the cause of
the unexpectedly negative surface charge, the most likely
explanation was the AHL molecules themselves. Although
3-oxo-Cn HSLs are not expected to possess negative charge
(Table 2), previously it has been reported that AHLs are
capable of undergoing a Claisen-like condensation reaction
to produce a tetramic acid breakdown product (28) (Table 1)
which is expected to possess a negative charge under the
conditions used in this study (Table 2). The rate of C10
HSL TMA production at 37C was recorded for 3-oxo-C12
HSL and 3-OH-C12 HSL (Fig. 5). Under the conditions
used, 3-oxo-C12 HSL was found to decompose at a rate of
20 nM.min1 whereas no detectable decomposition was
observed for 3-HO-C12 HSL. This observation provides
evidence to suggest that the decomposition of AHLs intoBiophysical Journal 101(1) 245–254
FIGURE 5 Rate of C10 HSL TMA production on decomposition of
200 mM 3-oxo-C12 HSL (B) or 200 mM 3-OH-C12 HSL (:) in
sucrose-Tris buffer (280 mM sucrose and 10 mM Tris, pH 7.4) at 37C
(final DMSO solvent concentration did not exceed 0.5% v/v). Rate of
C10 HSLTMA production was determined through measuring AHL absor-
bance at 280 nm at 5 min intervals for a total of 2 h. Concentrations of C10
HSL TMA produced were determined through application of Beer-
Lamberts law and the decadic molar extinction coefficient of C10 HSL
TMA was measured as 13,380 M1.cm1 using methods described in the
text (n ¼ 3, mean5 SE).
252 Davis et al.their corresponding tetramic acid breakdown product is
dependent on the presence of a 1,3-dione in the AHL
structure.
The presence of TMA in otherwise neutral AHL micelles
would result in the creation of mixedmicelles with a negative
surface charge. Because C12 HSL lacks the 1,3-dione confor-
mation present in 3-oxo-C12 HSL, this molecule exists
predominantly in the keto-conformation and would be
much more reluctant to undergo decomposition to form the
corresponding tetramic acid breakdown product. This obser-
vation is supported by Fig. 5 that indicates that the presence of
a 1,3-dione is essential for the breakdown of 3-oxo-C12 HSL
into C10 HSLTMA. Due to the low CMC of C12 HSL, deter-
mination of the rate of TMAproduction could not be achieved
for this molecule. Substitution of the 30 ketone group with
a hydroxide would also be expected to inhibit this tautomeri-
zation through a similar mechanism. As a result, Fig. 5 illus-
trates that the rate of 3-OH-C12 HSL (rather than C12 HSL)
decomposition into its corresponding tetramic-acid break-
down product is negligible in comparison to the decomposi-
tion of an equivalent concentration of 3-oxo-C12 HSL.
The incorporation of C12 HSLTMA into micelles contain-
ing 3-oxo-C14 HSL would be expected to give rise to mixed
micelles with a topographically heterogeneous surface, due
to the protrusion of the TMA ethyl-alcohol group into the
aqueous phase as illustrated in Fig. 1. The uneven nature of
the surface may well act to reduce the rate of micelle diffu-
sion relative to smooth spherical particles, thus increasing
apparent micellar size. Similarly, the scattering cross-section
of the surface would be affected by this, which may also lead
to an anomalous estimation of the micellar radii.
The physiological rationale of our observations may have
their origins in the transport properties of the quorum mole-Biophysical Journal 101(1) 245–254cules. Previously it has been reported that the concentration
of QSSMs in bacterial biofilms can reach 600 mM (34);
however, in peripheral tissues, in vivo QSSM concentrations
have been reported rarely to exceed the nanomolar range
(35,36). Teplitski et al. (35) recently suggested that one
possible explanation for this discrepancy is the establish-
ment of a QSSM diffusion gradient so that only cells in close
proximity to the bacterial biofilms will be subject to rela-
tively high concentrations of QSSMs previously reported
to have immunomodulatory activity (11,12,36–38).
This article extends the hypothesis of Teplitski et al. (35)
to suggest that the formation of stable QSSM micelles in
regions of high concentration could provide a mechanism
of dissemination of these lipophilic molecules throughout
the host. This method of QSSM transport also offers an
explanation for the discrepancy reported between the
concentrations of AHLs found to possess activity against eu-
karyotic cells and concentrations detected during infection
in vivo. Instead of being subject to a homogeneous low
concentration of QSSM in the environment, cells would
instead be exposed to small pockets of high QSSM concen-
tration in the form of QSSM micelles—which could convey
the physiological effects ascribed to these molecules.
The release of AHLs from bacterial biofilms into the host
environment as micelles rather than monomers would offer
these molecules some protection from decomposition by
ubiquitously expressed lactonases (39) as well as reducing
the rate of serum protein binding. This is significant as serum
proteins have previously been reported to act as a sink for the
S. aureus QSSM small autoinducing peptide-1 (AIP-1),
providing the host with an innate barrier against bacterial
infection (40). Fig. 3 C indicates that under the conditions
used, in the presence of physiological HSA concentrations,
the CMC of the AHL 3-oxo-C14 HSL increases beyond
500 mM.
This work therefore provides evidence that serum
proteins such as HSA in infected hosts are capable of acting
as a sink or perhaps a reservoir for AHLs in addition to AIP-
1; the physiological rationale of this will be investigated in
future work. Finally, the CMC of 3-oxo-C14 HSL was also
observed to increase substantially in the presence of PC
PLVs, and the difference between these values used to
deduce membrane-binding capacity of this QSSM was
found to be 64 mM. The observation that AHLs are capable
of membrane insertion is consistent with previous observa-
tions that AHLs are capable of partitioning into biological
membranes (31,41).CONCLUSIONS
This article outlines a practical, label-free technique for
the rapid determination of CMC under a variety of experi-
mental conditions. This technique is utilized in conjunction
with dynamic light scattering and determination of particle
z-potential to demonstrate that long-chain AHLs released
Label-Free Critical Micelle Determination 253by P. aeruginosa form micelles which may act as transport
vectors for these intensely studied molecules (42). This
observation has important implications for the development
of in vivo detection and diagnostic strategies against these
molecules and offers an explanation for the large discrep-
ancy between AHL concentrations frequently reported to
possess physiological activity in vitro and those found
in vivo. If indeed the physical properties we describe prove
to be important physical structures associated with the infec-
tion process, their disruption by a number of techniques
could well offer novel therapeutic strategies for controlling
microbial infection.
Determination of the CMC of several QSSM (and their
structural analogs) released by the organism P. aeruginosa
(Table 3) was undertaken using the light scattering tech-
nique. These were found to form CMCs in the micromolar
concentration range, including members of both the AHL
and AQ classes of QSSM. Determination of the previously
characterized CMC of oleic acid in addition to measure-
ments of particle size and surface charge were used to
corroborate and extend these observations. Several AHLs
were found to form micelles within a concentration range
previously reported to be of physiological significance (34)
and as the QSSM lipophilicity increased (LogP, Table 2),
CMC was observed to decrease in agreement with our
current understanding of micellar theory. In the presence
of artificial membranes and serum proteins, the measured
CMC was substantially altered, implying interaction with
these macromolecular structures under the conditions
studied.
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